Introduction

37
One of the core clinical symptoms of depression is anhedonia, which refers to a reduced 38 motivation to engage in daily life activities (motivational anhedonia) and a reduced enjoyment 39 of usually enjoyable activities (consummatory anhedonia) (1, 2). In principle, this clinical 40 manifestation could be explained by reduced reward sensitivity, both in terms of incentive 41 motivation and in terms of reinforcement processes (3-5). A direct prediction of this hypothesis 42 is that depressive symptoms should be associated with reduced reward sensitivity in learning information is integrated to produce efficient goal-directed behavior (11). In the present study, 57 our goal was to investigate whether the reward-learning deficit that is often associated with 58 elevated depressive symptoms interacts with the social context (12).
60
According to social learning theory, a sizable amount of decisions are not directly shaped by 61 people's personal history of reward and punishments, but are rather acquired through social 62 observation (13). More specifically, this framework posits that human learning occurs mostly in 63 social contexts, where subjects can be influenced by social cues (i.e. others' choices and 64 outcomes) (13, 14) . In order to test how depressive symptoms affect the integration of social 65 cues during reinforcement learning, we administered a variant of a previously validated 66 observational learning task on two independent samples of participants: an exploration sample 67 and a replication sample (14, 15) . Subjects also completed psychometric questionnaires 68 assessing depression and anxiety (a co-morbid trait). The task included a 'Private' learning 69 condition, in which participants only had access to the outcome of their own choice, and two Cronbach's alpha 84%).
96
Participants were paired with a virtual demonstrator and performed a probabilistic 
Assessing observational learning
108
Contrary to previous studies (14, 15), we used an online adaptive learning algorithm 109 that determined the demonstrator's behavior (Q-learning with learning rate = 0.5 and choice 110 temperature = 10). As a consequence, the virtual demonstrators displayed realistic learning 111 curves with some variability of performance. We predicted that observational learning would 112 result in a correlation between the correct choice rate of the participants and that of the 113 demonstrator in a given learning session. To test this prediction, we used a mixed linear 114 regression with 'Condition' ('Private' vs 'Social-Choice' vs 'Social-Choice+Outcome') as a 115 within-subject factor and the demonstrator's performance in a given learning session as a 116 between-subject variable. As predicted, a higher demonstrator's percentage of correct choices 117 (i.e., 'good' demonstrations) was associated with a higher participants' rates of correct choices 118 in both social conditions ('Social-Choice' vs 'Private': t(495) = 2.70, p = .007; 'Social-119 Choice+Outcome' vs 'Private': t(495) = 2.25, p =.025) but not in the Private condition (t(495) = 120 0.10, p > .250; Figure 2A ).
121
In order to confirm that participants actually integrated the virtual demonstrator as a 122 social partner, we measured the influence of participants' rating of trustworthiness of the 123 demonstrator's face on social learning. An effect of perceived trustworthiness evaluations was 124 found, such that participants who perceived the demonstrator's avatar as more trustworthy had 125 higher correct choice rates in the 'Social-Choice' (t(98) = 3.17, p = .002) and in the 'Social- 
Correlation between depressive symptoms and performance
131
To test the effect of depression, the mixed linear logistic regression also included depressive 132 symptoms as a between-subject variable. Importantly, anxiety, which is a comorbid trait of 133 depression (21, 22), was also included as a controlling factor (the regression also included a 134 range of controls listed in Table 2 ). The analysis revealed a significant effect of depressive 135 symptoms, such that the higher the depressive symptoms, the lower the rate of correct choices 136 in the 'Social-Choice' condition compared to the 'Private' condition (t(489) = -2.64, p = .009; no 137 other significant effect of depression and anxiety scores was evidenced: all ps > .250; Figure   138 3A). Importantly, the negative effect of depression in the 'Social-Choice' condition was 139 particularly robust, because it was found in both the discovery and the replication sample and 140 in the blocks with stable and reversal contingencies (within-subject) (Figure 4) . 141 Finally, we tested whether the difference in correct choice rates between the 'Social- 0.73 ± 0.01). Importantly, the recovery of the correlations was specific to the manipulated parameter with false alarms detected in less than 10% of the cases except for learning rate 214 and choice temperature in the 'Private' condition (which was not our condition of interest)
215
( Figure 5C ). This result indicates that it is very unlikely that a correlation of one of our 216 parameters with participants' HAD depression scores is actually due to an effect of depression 217 scores on another parameter. We found that depressive symptoms had a specific effect on imitation in the 'Social-Choice' 234 condition. Crucially, the effect was robust to the inclusion of anxiety, which did not modulate 235 performance in our task. That anxiety has no effect may come as a surprise given that 236 previous studies have found that anxiety is associated with deficits in social and non-social 237 reinforcement learning (28). One possible explanation is that this anxiety is more strongly 238 linked to classical fear conditioning, rather than reward-based instrumental learning (29). We fitted subjects' choice with a slightly modified version of a previously validated social 254 reinforcement-learning model (14). As in standard algorithms, the model assumes that 255 subjects learn option values via the calculation of a reward prediction error, which are 256 moderated by a learning rate (α P ) and that choices are generated via a soft-maximization 257 process, whose stochasticity is governed by a temperature (β P ) (30). In addition to this 'private' An obvious limitation of our study, is that we did not control for participants' actual diagnosis 306 and treatment, which may be problematic since medication interacts with decision-making in 307 depression (44). Therefore, our results would benefit from being replicated in carefully 308 controlled population, while controlling for medication status and medical history. This 13, 14) . At the behavioral level, these two psychological processes were manifest in the fact participants' performance 319 was modulated by the demonstrators' performance. In particular, we found that participants 320 observing a demonstrator performing 'well' performed better in the social compared to the 321 private learning context. Importantly the opposite was also true: participants observing low 322 performing demonstrators displayed lower performance in the social compared to the private 323 context. This latter result is in apparent contrast with the normative view that imitation should 324 be biased toward successful individuals in order to be evolutionary adaptive (45-47). This is 325 also in contrast with recent empirical evidence using a very similar paradigm and showing that 326 imitation rate is modulated by the actual performance of the demonstrator, so that 327 demonstrators making random (i.e., non reward-maximizing) decisions are less imitated (15).
328
Two differences between the previous design and ours may explain this discrepancy. First, the 329 previous study involved mild electric shocks (primary reinforcer), while our study involved 330 abstract points to be converted into money (secondary reinforcer). More importantly perhaps, 331 the previous design involved a between-subjects design with two groups of participants paired 332 either with a consistently good or with a consistently bad participant, while in our experiments 333 the performance of the demonstrator was allowed to fluctuate in a within-subject manner 334 around an optimal behavior. Therefore, it could also be argued that our experiment is not well- 
Materials and Methods
353
Participants
354
Two independent cohorts of 100 American participants, similar in terms of reported age (mean 355 reported age across the two cohorts: 33.39 ± 2.03) and of reported male/female ratio (mean 356 reported male/female ratio across the two cohorts: 35%; see Table) were recruited via Amazon 
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Cues were characters of the agathodaimon font and were always presented in pair and only in 371 one block per subject. The cue-to-condition attribution was randomized across subjects.
372
Participants made their choice by pressing the E or P keys to choose the leftmost or rightmost 373 symbol. Participants were given no explicit information on reward probabilities, which they had 374 to learn through trial and error. In addition, they were encouraged to accumulate as many Participants were told they had been paired with another player at the beginning of the 382 experiment with whom they played in turn in each trial. As in previous studies (Suzuki et al.
383
Neuron 2012), the behavior of the demonstrators was determined by a reinforcement learning algorithm (Q-learning) with a reasonable set of free parameters ( = 0.5, ß = 10; see below for 
Diagnostic value
414
Out of sample tests were used to assess the diagnostic value of our task, i.e., its ability to 415 distinguish participants scoring below the 'severe symptoms' threshold in depression scale from those above this threshold. 50 participants were randomly extracted from the entire 
Where RPE t is the reward prediction error calculated as follows (eq.3):
The only change we made was the inclusion of different learning rates and inverse 437 temperature parameters in the 'Private' ( P , P ) and social information ( S , S ) conditions.
438
During the 'Social-Choice' condition, the model assumes that the Demonstrator's choice 439 induces an 'action' prediction error (APE t ; (eq.4)), which measures how surprising the
440
Demonstrator's choice is, given the subject's current estimate of the option values:
The APE t is then used to bias the subject's choice probability (eq.5) in the subsequent trial and 443 the effect is scaled by a parameter ∈ {0-1}:
Finally, in the 'Social-Choice+Outcome' trials, the model assumes that the Demonstrator's 446 outcome induces an 'observational' reward prediction error (eq.5), which is scaled by 447 observational learning rate ! ∈ {0-1} (eq.6):
To sum up, our computational modeling allowed us to address both primary social learning 452 deficits (i.e. learning deficits captured by the parameters and ! , which are specific to social 453 information) and secondary social learning deficits (i.e. learning deficits captured by the 454 parameters S and ! , which are specific to individual learning in contexts where social 455 information is available).
456
We optimized the model parameters by minimizing the Laplace approximation to the model 457 evidence (log of the posterior probability: LPP) (eq.7):
Where D represents the data, !,…! the model, and ! represents one of the n parameters of learning model: posterior probability: 100 ± 0 %; exceedance probability: 100%). In each condition, participants played in turn with a simulated demonstrator. In each private trial, after each 612 choice, participants received a reward or a punishment. In the Private condition, participants did not see the 613 choice or the outcome of the demonstrator. In the Choice observation condition, the choice of their demonstrator 614 was displayed at each trial. In the Social-Choice+Outcome condition, both the choice and the outcome of the 615 demonstrator were displayed. Note that the Social-Choice and the Social-Choice+Outcome also involved private 616 trials. Depression score 'Social-Choice" condition: P(correct) 
